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SUMMARY 
Small gas-suspended particles encountering a light beam may be 
deflected either toward or away from the light source because of their 
uneven heating and their unequal interaction with the gas molecules. The 
phenomenon is called photophoresis. 
This investigation of the photophoretic force was first undertaken 
by partially evacuating (1-20 mm. Hg) a glass bulb containing a small amount 
of finely divided material. The bulb was then agitated and the resulting 
aerosol, or gas suspension of particles, was exposed to the beam of a 150-
watt projection lamp. By directing the light beam vertically upward, it 
was demonstrated that several powders (e.g., iron, zinc, gas carbon) could 
be suspended in a stationary position, or even moved upward against the 
gravitational force. 
On the basis of these observations, a refined apparatus was con-
structed to enable measurement of Particle velocities upward in the light 
beam and gravitational settling velocities downward in the absence of the 
beam. Settling velocity measurements establish the particle size and, 
with the upward movement data, permit a calculation to be made of the 
photophoretic force. 
Although there were limitations on particle sizes, pressure range, 
and substances for which precise data could be obtained, the apparatus was 
successful in giving results within acceptable experimental error. The 
substances thoroughly investigated were gas carbon and wood charcoal. 
Measurements were made at pressures from 4.5 to 46 mm. of Hg. The majority 
viii 
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of the particles observed had radii between 5 and 25 microns and all were 
agglomerated. The use of agglomerated materials was found to be neces-
sary because denser and better heat-conducting particles could not be 
suspended in the light beam of the intensity attained in the refined 
apparatus. 
A dependence of photophoretic force on carrier gas pressure was 
detected and was found to agree in form with theoretical equations based 
on the radiometer interpretations of photophoresis. The dependence of 
photophoretic force on particle size and light intensity was determined 
and found also to compare well with the results predicted by theory. 
The overall agreement between experimental results and those pre-
dicted by theory is good and gives strong support for the radiometer inter-
pretation of photophoresis. 
CHAPTER I 
INTRODUCTION 
Photophoresis may be defined as the migration of gas-suspended 
particles under the influence of an intense beam of light. This phe-
nomenon has been the subject of considerable investigation since its 
observation was first reported by Ehrenhaft (1). The direction and mag-
nitude of the photophoretic force is a, function of particle size, parti-
cle shape, gas pressure, light intensity, thermal conductivity, and pos-
sibly other factors. 
The purpose of this investigation was to develop a new method of 
measuring photophoretic force, and to attempt to arrive at some relation-
ships between photophoretic force and the above-mentioned variables. When 
better understood, photophoresis may have applications in particle classi-
fication, mineral beneficiation, gas cleaning, and the like. 
Particle sizes were estimated from settling rate data, and photo-
phoretic motion was measured in order to compute the force. Previous mea-
surements have been made using techniques developed by Ehrenhaft (2) in 
which particle size was measured in a modified Millikan apparatus. This 
method involves manipulation of a charged particle in an electrostatic 
field. The particle is then exposed to two-sided illumination and par-
ticle velocities are measured. This two-sided illumination consists of 
horizontal opposing beams which are adjusted so that their contours coin-
cide. The technique used for this investigation involved a single light 
beam direct vertically upward. 
2 
Many observers have carried out qualitative experiments concerning 
photophoresis with varying particle sizes, shapes, and materials. Of 
additional interest has been the effects of superimposed electrostatic 
and magnetic fields. A good discussion of photophoresis under these vary-
ing conditions is found in work done by Preining (5). The theoretical 
equations developed by Hettner (4) and Rubinowitz (5) are the most cur-
rent, and Rohatschek (6) has written a good discussion on the qualitative 
and semi-quantitative theories of photophoresis. Mattauch (7) has perhaps 
done the most significant quantitative measurements in his work detecting 




A photograph of the apparatus is shown in Figure 1. Its basic 
components are (1) a chamber in which air-suspended particles were exposed 
to the beam from an arc lamp (2) a solenoid-operated beam interrupter 
activated and timed by a thyratron device and (5) a slide wire variable 
resistor adapted to record the vertical displacement of the particles. 
Figure 2 identifies the various components pictured in Figure 1. Each 
component is described in detail below. 
B. Aerosol Chamber 
This chamber was approximately one foot long and three inches 
square, with a 1/8-inch wall thickness. At the top and bottom of the 
chaniber were removable steel plates, the bottom plate having a 1/2-inch 
diameter hole that was covered by a quartz window to allow entrance of a 
light beam. The bottom plate was also fitted with three brass pins which, 
positioned tightly into countersunk holes in the plate on which the cham-
ber rested in operation, ensured replacement of the chamber in the same 
position relative to the light beam each time it was removed. The cham-
ber also had an 8 3/4-by 1/4-inch observation slit along one side covered 
by a Plexiglas window, and it was fitted with inlet and outlet lines opened 
and closed by manually operated valves. The inside of the chamber was 
3 
Figure 1. Apparatus for Determination of Photophoretic Force. 






















Figure 2. Block Diagram of Apparatus for Determination 
of Photophoretic Force. 
v. 
6 
painted with camera black to minimize scattered light. Figure 3 is a 
detailed drawing of the aerosol chamber. 
C. Optics 
The light source was a 100-watt, zirconium arc lamp, manufactured 
by Sylvania Electric Products, Inc., New York, N. Y. The lamp required 
15.4 volts d.c. at 6.25 amperes and a momentary starting potential of 
2000 volts obtained from a power supply, model G-157, of the Gaertner 
Scientific Corporation, Chicago, Ill. In order to produce a beam of 
light intense enough to produce photophoresis, an auxiliary optical sys-
tem was required. Several lens combinations were tested, with the final 
system being built around two matched achromatic lenses, each having a 
1 1/2-inch diameter and a 3/4-inch focal length. The first served as a 
condensing lens, and the second produced as nearly as possible a parallel 
beam of light approximately 1 1/2 cm in diameter. The lenses were mounted 
in threaded steel casings which were, in turn, mounted in a Plexiglas frame 
provided with a screw-type find adjustment. The Plexiglas frame was also 
movable for coarse adjustment. This assembly is shown in Figure 4. For 
measurement of the absolute intensity of the beam an Eppley Laboratories 
Inc., Newport, R. I., twelve-junction, iron-constantan thermopile was used 
in conjunction with a Model 8686 potentiometer of the Leeds and Northrup 
Co., Philadelphia, Pa. 
D. Interrupter and Timer 
Interruption of the light beam to obtain up-and-down particle 
movement was accomplished with two solenoids and a metal blade assembled 
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from entering the aerosol chamber. Activation of the second solenoid 
then removed the blade from the beam. In order to time these intervals 
accurately, an adaption of a thyratron device described by Swenne (8) 
was constructed. Two such devices were coupled together, each operating 
one of the solenoids, such that activation of one and deactivation of 
the other occurred simultaneously. Activation times were established by 
rheostats in the timer. Thus the interru-oter could be operated continu- 
ously at constant time intervals, with an accuracy of ±0.05 sec., without 
the necessity of individually timing each cycle. A circuit diagram of the 
timer is given as Figure 5. 
E. Vertical Displacement 
To measure the distance of rise and fall of the particles, a slide-
wire resistor was fitted with a pointer and mounted so that a particle 
moving in the chamber could be followed with the pointer. By impressing 
a constant voltage across the resistor, changes in particle height in the 
chamber were translated into changes in emf, the latter being recorded on 
a Model S-72150 recorder of E. I. Sargent & Co., Chicago, Illinois. In 
this manner, distances of rise and fall were measured merely by following 
the particle with the pointer even though actual distances were not deter-
mined until after completion of an experiment. Figure 6 shows a circuit 
diagram of the voltage source and the variable resistor assembly. 
F. Operation 
The apparatus was designed so that one person might operate it 
without difficulty. An experiment was initiated by agitating the powder 
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Figure 6. Circuit Diagram for Constant Voltage Source and 
Variable Resistor Assembly. 
for study. The beam interrupter was started, and the time was adjusted 
so that the particle rose and fell in approximately the same position 
in the chamber. The particle, then, was followed with the pointer until 
sufficient data were obtained. 
CHAPTER III 
CALCULATION OF EXPERIMENTAL FTIOTOPHORETIC FORCE 
A. Evaluation of Particle Radius and Photophoretic Force 
Once the rising and settling velocities of a particle have been 
experimentally determined, the photophoretic force may be calculated in 
the following manner: 
A particle moving in a viscous medium under the influence of a con-
stant force reaches a constant linear velocity V, that is determined by 
the force. This relationship may be expressed by 
V = FZ 
	
(1 ) 
where Z, the mobility (9) of the particle, is characteristic of particle 
size and shape and of the properties of the fluid medium. For a sphere 
in a homogeneous medium, the mobility is given by 
1 
Z — 	 
6Tcp,a, 
(2) 
a form of Stokes law where s is the medium viscosity and a the particle 
radius. As the mean free path becomes comparable to the particle size, 
equation 2 must be modified by inclusion of a slip correction factor S. 







The slip correction is a function of 7 , where A is the mean free path of 
the gas molecules and a, as before, is the particle radius. The correction 
accounts for the tendency of a particle to slip between molecules of the 
fluid (10,11,12). 
When the velocity in equation 1 Is the settling velocity V s , then 
F becomes the gravitational force acting on the particle, defined by 








is the gravitational constant andpp is the particle density. 
Substituting equation l into equation 4 and solving for a gives 
,• 1/2 
(
2S g o pp 
)
9 vs ki 
Having determined the particle radius, the photophoretic force, F , 





	 ( 6 ) 
where Fd is the drag force exerted by the fluid on the rising particle. 
Substituting equations 1 and If into equation 6 gives 
V 
F 	F 	ft a) go pp
SZ 5 
(7) 
a - (5) 
where V
r 
is the velocity of the rising particle. 
B. Mean Free Path of Air Molecules and Slip Factor Evaluation 
In order to apply the equations developed above, the mean free path 
length of the carrier gas and the resulting slip factor must be evaluated. 
The mean free path, 7\, is given by 
- 
4 R T 
(8) 0.499 M P 7 
where 7, the mean molecular speed, is defined by 7 = (8g c RT/T(m) 1/2 , where 
T is the absolute temperature, R is the universal gas constant, and M is 
the molecular weight of the gas. 
The slip effect as mentioned in the preceding section was defined 
by Knudsen and Weber (115) by the empirical relationship 
-C 
S= 1 	A Be 
	
(9) 
The proper value of the empirical constants A, B, and C, according 
to an analysis by Davies (12) with air as the fluid medium, are A = 1.257, 
B = 0.400, and C = 1.10. 
C.  Computation 
Solution of the equation resulting from the combinations of equations 
5 and 9 was facilitated by use of the Burroughs 220 digital computer. A 
program was written enabling each series of particle radii and correspond-
ing photophoretic forces to be evaluated for several values of apparent 
density. The need for this will be shown in section VI-E. 
CHAPTER IV 
CALCULATION OF THEORETICAL PHOTOPHORETIC FORCE 
A suitable theory explaining the phenomenon of photophoresis is 
not wholly agreed upon, although most investigators believe it to be a ra-
diometer effect (6,14,15,16,17). The strongest support for the radiometer 
thtory lies in the relationship between the pressure of the surrounding 
gas and the photophoretic force acting on a particle. This force F
R has 
been shown to exhibit a maximum value at a pressure P ax such that the 
mean free path length is equal to the acting dimensions of the particle. 
Below this pressure the force is directly proportional to pressure, while 
above it an inverse proportionality exists. This characteristic of photo-
phoresis is found in radiometer theory developed by Epstein (18), and 
later, Weber (19). Weber's equation, for a constant temperature differ-
ence, assumes the following form in reduced representation: 
FR 	 2 + y  	 _  	 (10) 




 x t 	4_ 7 
max 
The value of the constant y is determined by the geometry of the radio-
meter and an accommodation coefficient. While this expression is a use-
ful tool in examining experimental data, it actually does no more than 
demonstrate a similarity between radiometer force and photophoretic force. 
It is obvious from the above that two mechanisms exist for radio-
meter forces, one for high pressures and another for low pressures (high 
16 
1 7 
and low pressures being defined as discussed above). Rubinowitz (5) has 
derived an expression based on molecular kinetic theory for the low pres-
sure region, in which the radiometer force for spheres is equal to 




where a is the accommodation coefficient and G is the temperature gra-
dient inside a particle. 
Hettner (4) has developed an equation for the high pressure mech-
anism, describing the radiometer force for spheres by 
FR  
_ 	2 5n aRG 
(12) P 
Hettner has also submitted the following empirical interpolated equation 
for the transition region (A comparable to a): 
n a2 ki (UR/MT) 1/2 G 






P 	= 	(RT/M) 1/2 
max a 
The major problem in attempting to apply these equations to photophoresis 
is in evaluation of the gradient G . Rubinowitz (5) has derived an expres-
sion for G at high pressures for spherical particles exposed to one sided 






where I is absolute luminous intensity, X is particle thermal conductiv-
ity, and Xm is the thermal conductivity of the surrounding medium. Thus 
the force in this case is 
5 p.2 a R I 





( 6 ) 
If a particle is non-transparent, but is not absolutely black, Ia must be 
substituted for I, where a is the coefficient of light absorption. 
It must be remembered that these equations apply only if photo-
bhoresis is assumed to be a radiometer effect. Several investigators 
have challenged this concept (20, 21, 22), and it can by no means be 
accepted as fact. 
Ehrenhaft (22) has enumerated several facts contradicting the 
radiometer interpretation of photophoresis. He contends that photophoresis 






Many variations of photophoretic movement were observed during the 
course of experimentation. The temperature distribution in a particle 
exposed to radiation is greatly affected by its shape and state of agglom-
eration. Wings and points will be cooler, and irregularly shaped parti-
cles travel in various unusual paths. Screw-type movement is common, as 
is closed orbiting in elliptical, circular, and circular-spiral paths. 
This stable orbiting may vary from orbits of very small diameter accom-
panied with high revolutions per second, to slower moving particles with 
large orbital paths. Many orbiting particles were suspended in an equil 
ibrium position in the beam for several minutes and apparently would have 
remained indefinitely. In early observations with the projection lamp, in 
which the beam intensity was variable, an increase in orbital diameter 
along with a decrease in angular velocity was observed with decreasing 
intensity. 
A detailed description of those movements and others is given by 
Preining (5), whose observations concur with those made in this study. 
B. Quantitative 
A great many particles of a variety of materials were observed in 
the apparatus, but wood charcoal and gas carbon were the only two that 
experienced sufficient photophoretic force to be measurable (see section 
VI-D). Electron micrographs showed both to be composed of agglomerates 
19 
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of particles with the average primary particle diameter being approxi-
mately 0.25 micron for the charcoal and 0.05 micron for the gas carbon. 
The agglomerates were generally about 5 to 25 microns in diameter. The 
experimental procedure was to maintain a constant pressure in the chamber 
and obtain velocity data for from 10 to 15 particles at that pressure. 
Data were then taken for several pressures within the above-mentioned 
ranges. The measured photophoretic force was plotted versus particle 
radius for each pressure. A. representative plot of this type is shown 
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Figure 7. Photophoretic Force versus Particle Radius for Gas 
Carbon at 15.3 mm. Hg. 
CHAPTER VI 
DISCUSSION OF RESULTS 
A. Dependence of Photophoretic Force on Particle Radius 
Equations 11, 12, and 13 require that photophoretic force be pro-
portional to the cube of the radius at low pressure, to the square of the 
radius at intermediate pressures, and linearly proportional at high pres-
sures. The value of the exponent of the radius is determined by the slopes 
of the log-log plots presented in figures 7 and 14 through 21 (given in 
the Appendix). Table 1 gives the values of these slopes. 
Table 1. Exponent on Radius Term for Carbon Particles 








For a 20 micron particle, i mm. of Hg is in approximately the middle of 
the intermediate pressure range. The values of the exponent follow the 
trend bredicted by theory well, although they are somewhat larger than 
the equations predict. 
22 
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4. Dependence of Photophoretic Force on Gas Pressure 
Several previous investigators have been unable to detect a pres-
sure dependence in photophoretic force.. This was probably due to the fact 
that they were working in the pressure region of maximum force for the 
size particles they were observing (see equation 14). This condition 
occurs in much of the data gathered in this investigation; however, it 
was bossible to detect a definite pressure dependence. Figure 8 shows 
pressure versus force for three particle radii. For the 15 micron particle, 
the force is very nearly constant for the entire pressure range, indica-
ting that the force is in a region of maximum value. As the particle 
radius increases displacing the maximum force region to a lower pressure, 
the pressure dependence becomes noticeable. Table 2 shows pressure and 
force data for several radii for gas carbon and wood charcoal. It may be 
seen that for wood charcoal the 5 micron particle snows a maximum between 
9.7 and 21.5 mm. Hg pressure. Figure 9 shows a rough plot of these data. 
According to equation i4, the maximum force should occur at about 25 mm. 
Hg, which is fair agreement between experimental results and theory. To 
test the general form of equation 15, one data point for a 25 micron gas 
carbon particle was assumed to lie on the theoretical curve. From this 
point, the numerator of the right side of equation 15 was calculated and 
subsequently used to complete the theoretical curve. Figure 10 shows the 
results of this computation. The two curves follow the same general pat-
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Figure 9. Photophoretic Force versus Pressure for Five Micron 






























Figure 10. Comparison of Theoretical and Experimental Curves for 
25 Micron Radius Gas Carbon Particles. 
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Table 2. Pressure and Force Data for Gas Carbon and 
Wood Charcoal Particles 
Particle Radius Pressure 
Photophoretic 
Force 
(microns) (mm. Hg) 
Gas Carbon 
Taynes x 70f57 
15 8.5 2.20 
15 15.3 2.00 
15 25.6 1.90 
15 5.4 1.90 
15 46.o 1.85 
20 8.5 4.8o 
20 15.5 4.4o 
20 25.6 5,65 
20 55.4 5 .25 
20 46.o 3 .05 
25 8.5 8.8o 
25 15.5 8,.20 
25 25.6 6.00 
25 55.4 4.90 
25 46.0 4.6o 
Wood Charcoal 
4.7 2.6o 
5 9.7 2.75 
5 15.6 5.90 
5 21.3 2.6o 
10 4.7 2.05 
10 9.7 2.00 
10 15.6 2.10 
10 21.3 2.10 
27 
C. Dependence of Photophoretic Force on Particle Thermal Conductivity 
In agglomerated particles, the thermal conductivity may range 
between that of the solid to a value near that of the carrier gas (see 
section VI-E). In order to evaluate the applicability of equation 16, 
theoretical values were calculated for both extremes of thermal conductiv-
ity. Figure 11 shows the results of these computations. The upper and 
lower curves represent the values computed from equation 16, using the 
minimum and maximum conductivity values, respectively. The central curve 
is the experimental data. These curves indicate, as might be expected, 
that the particle conductivity is a function of the radius and approaches 
the conductivity of air with increasing size. 
D. Dependence of Photophoretic Force on Light Intensity 
According to radiometer thory, radiometer forces are directly pro-
portional to light intensity. The intensity of the arc lam.:)s used could 
not be varied; however, during the course of experimentation two different 
lamps were used, the ratio of their intensities being about 1.15. A com-
parison of the experimental forces results in a ratio of force of 1.50 - 
1.40, indication that the intensity-force relationship is in fact one of 
direct proportionality. Figure 12 shows representative sets of data at 
25 mm. Hg pressure for each lamp. 
E. Determination of Effective Density and Thermal Conductivity 
One of the most serious problems encountered in this investigation 
was the determination of effective particle densities. Fuks (25) cites 
cases whore effective densities of agglomerated particles can be as low 
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Figure 11. Comparison of Theoretical and Experimental Curves for 
Gas Carbon Particles at 35.4 mm. Hg. 
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Figure 12. Comparison of Data for Gas Carbon Particles at 
25 mm. Hg Taken at Different Light Intensities. 
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tics Laboratory of the Georgia Institute of Technology concerning the 
density of the wood charcoal used for this investigation. Since the 
density varies with agglomerate size, four different experimental methods 
were used to cover the entire size range from the bulk density to near the 
absolute density of the individual crystals. Bulk density was determined 
by weighing volumes of charcoal, and maximum density was obtained by use 
of pynconometers with carbon tetrachloride as the wetting agent. Inter-
mediate values were obtained from settling rate data using an elutriator 
for larger sizes and a Millikan-type apparatus in conjunction with a cloud 
generator (developed by the Xerex Corporation, Rochester, N. Y.) for 
smaller sizes. The density versus size curve resulting from this.1nvesti-
gation is shown in Appendix A. Using the digital computer, particle sizes 
and photophoretic forces were determined for 9 values of density between 
the bulk value (0.59 gms/cm) and the maximum value (1.37 gms/cm d ). The 
computed sizes were then matched to the experimental density-size curve 
so that the density used in calculating the size and the actual density 
were the same. 
The average primary crystal size of the gas carbon was considerably 
smaller than that of the wood charcoal (0.05 micron as compared to 1.25 
microns). Therefore, it was assumed that if a density-size curve had been 
determined for gas carbon, the particles observed would have fallen on 
the flat portion of the curve, and the bulk density value could be used. 
This value was measured and found to be 0.079 gms/c1A 
As discussed in section VI-C, the thermal conductivity of agglomer-
ated particles may vary over a wide range of values. Investigations of 
thermal conductivity of powders have been made (24,25,26) and simple 
correlations based on porosity and solid and gas conductivity have been 
developed. However, these correlations become increasingly unreliable as 
the void fraction becomes larger, as is the case for very fine particles. 
Based on the above mentioned investigations, the conductivity of the wood 
charcoal and gas carbon should be very near that of the carrier gas (air 
in this case). Exact determination of the thermal conductivity becomes 
almost an arbitrary choice due to the uncertainty of quantities such as 
porosity. Therefore, no actual values were chosen as correct. The exper-
imental data instead were compared to theoretical values calculated for 
conductivity extremes (Figure 11). 
F. Limitations 
There are several limitations inherent in the apparatus and tech-
niques used in this investigation. Perhaps the most serious is the fact 
that only certain materials of very low density exhibit sufficient photo-
phonetic force for the force to be measured. A great many substances were 
tested, including several metals (i.e., zinc, aluminum, iron), organic 
dyes, metal oxides, and liquid aerosols, including cotton seed and lin-
seed oils and solutions of various dyes in water. These substances did 
not experience sufficient photophoresis to overcome gravitational forces. 
The use of a more intense light source would probably rectify this condi-
tion. 
The apparatus also imposed limitations as to particle size. Since 
observation is by the unaided eye, particles below about 5 microns were 
too small to see. This condition automatically imposed a pressure restric-
tion on observations since at higher pressures the force becomes small for 
32 
larger particles. It should be noted, however, that previous investigators 
have been limited to sub-micron particles, since larger particles exhibit 
velocities too great for the Millikan type apparatus. 
G. Error Analysis 
The most significant error sources are those involved in the esti-
mation of particle properties, particularly the effective density. Although 
the densities used are believed to be good approximations of the true val-
ues, errors of as much as 200 to 300 per cent are not inconceivable. In 
addition, the equations used are based on the assumption that the parti-
cles are spherical. This is not strictly true, although it appears that 
most of the particles approximate spherical configuration. 
Experimental errors are less significant than those mentioned above. 
Only data in which particle velocities for a single particle deviated by 
no more than 10 to 15 per cent were used. In many cases, the deviation 
was less than this. 
Overall, the consistency of experimental data and agreement with 
theory must be considered good. Most of the points of Figures 7 and 14 
through 21 deviate from the curve by no more than 15 per cent, and while 
the comparisons with theory shown in Figures 10 and 11 show greater error, 
they are considered within the limits to be expected. 
CHAPTER VII 
CONCLUSIONS 
From this study, it is concluded that: 
1. Measurement of rising and settling velocities in a vertical 
light beam provides an accurate method for determining photophoretic 
force. 
2. The results show a definite pressure dependence to be present 
in photophoretic force and to follow closely that predicted from radio-
meter theory. 
3. Relationships between particle size and light intensity also 
agree well with radiometer theory. 
4. The overall results of tJis study give strong support to inter-




It is recommended that additional work be done with the same type 
of apparatus as used in this investigation but with consideration given 
to the following improvements. A more intense light source should be used, 
so that data may be obtained for more substances, particularly particles 
known to be single crystals for which densities and thermal conductivities 
are more accurately known. The possibility of an additional optical sys-
tem for observing and follawing the particles should be investigated in 
order to increase the particle size and pressure ranges over which data 
can be taken. In addition to more exacting data on the relationship of 
photophoreses to the variables discussed in this report, work should be 
done to determine the dependence of photophoretic force on variables such 
as the wave length of the light and the nature of the carrier gas. This 
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Figure 13'. Effective Density versus Particle Diameter for Wood Charcoal. 
APPENDIX B 
TABULATIONS AND GRAPHIC PRESENTATIONS OF 
EXPERIMENTAL DATA 
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Table 3. Experimental Data for Gas Carbon Particles 
Settling Velocity Rising Velocity 	Radius 
Photophoretic 
Force 
(cm/sec) (cm/sec) 	 (microriTT 
Pressure = 4.4 mm. Hg 
(dynes x 106 ) 
0.741 0.452 21.2 4.22 
1.06 0.555 20.6 4.59 
0.771 0.582 16.0 2.54 
0.411 0.785 10.5 1.56 
0.457 0.456 11.9 1.25 
0.456 0.304 12.1 1.05 
0.588 0.430 13.4 1.45 
0.580 0.418 10.1 0.792 
0.760 0.925 17.1 4.24 
0.644 0.377 14.4 1.60 
Pressure = 10.0 mm. Hg 
0.516 0.188 20.5 3.02 
0.550 0.158 21.2 2 3. 21 J. 
0.541 0.300 20.7 3.79 
0.590 0.279 22.0 4.22 
0.645 0.222 23.1 4.41 
0.387 0.149 17.3 1.93 
0.349 0.214 16.2 1.89 
0.560 0.224 21.4 5.80 
0.525 0.321 20.6 3.88 
0.261 0.225 13.9 1.42 
0.45 0.240 16.2 2.00 
0.420 0 .558 18.5 3.18 
0.430 0.262 18.4 2.78 
0.450 0.250 18.6 2.70 
0.306 0.178 15.5 1 .55 
Pressure = 14.5 mm. Hg 
0.451 0.243 19.7 3.23 
0.338 0.266 16.9 2.42 
0.543 0.190 21.9 5.75 
0.516 0.518 16.1 2.41 
0.268 0.152 14.7 1.38 
0.405 0.197 18.6 2.61 
0.254 0.304 14.4 1.88 
0.324 0.197 16.4 1 .95 
0.538 0.213 16.8 2.15 
0.316 0.504 16.3 2.40 
(Continued) 
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Table D. (Continued) 
Photophoretic 
Settling Velocity 	Rising Velocity 	Radius 	 Force 
(cm/sec) 	 (cm/sec) 	 (microns) (dynes x 106 ) 
Pressure = 20.1 mm. Hg 
0.296 0.205 16.2 1.99 
0.384 0.227 18.6 2.85 
0.475 0.144 20.9 5.12 
0.258 0.152 15.0 1.48 
0.552 0.258 17.8 2.73 
0.254 0.213 14.9 1.72 
0.273 0.227 15.5 1.92 
0.205 0.202 13.2 1.51 
0.211 0.182 13.4 1.27 
0.741 0.304 26. .5 7.02 
0.423 0.221 19-7 5.16 
0.278 0.157 15.7 1.56 
PressUre = 25.8 mm. HE 
0.46 5 0.155 20.9 5.25 
0.184 0.073 12.8 0.782 
0.286 0.167 16.2 1.84 
0.279 0.109 15.0 1.52 
0.304 0.121 16.8 1 .77 
0.574 0.146 18.7 2.42 
0.556 0.113 18.2 2. 1 1 
0.168 0.121 12.2 0.872 
*
Light Intensity = 0.185 watts/cm
2 
4o 
Table 4. Experimental Data for Gas Carbon Particles 
Photophoretic 
Settling Velocity 	Rising Velocity 	Radius 	 Force 
(cm/sec) 	 (cm/sec) 	 (microns) (dynes x 106 ) 
Pressure = 8.5 mm. Hg 
0.532 0.410 	 20.0 5.98 
0.4 -18 0 .357 17.4 2.67 
0.769 0.789 	 24.8 8.87 
0.659 0.582 22.8 6.52 
0.472 0.501 	 18.8 5.94 
1.065 0.797 30.0 1.51 
0.672 0.592 	 25.2 6.66 
0.633 0.763 22.5 7.28 
0.600 0.919 	 21.9 7.79 
0.567 0.600 21.2 5.6o 
0.655 0.789 	 22.2 7. 13 
0.426 0.589 17.6 5.78 
0.461. 0.589 	 18.5 4.17 
Pressure = 15.3 mm. Hg 
0.252 0.214 	 14.0 1.47 
0.644 0.528 24.1 7.17 
0.558 0.545 	 22.3 6.24 
o.541 0.435 17.1 3.29 
0.483 0.459 	 20.7 4.79 
0.279 0.342 15.3 2.31 
0.580 0.450 	 18.2 3.68 
0 -535 o.488 21.8 5.6o 
0 .555 0.405 	 22.2 5.27 
0.500 	. 0.337 21.0 4.29 
0.292 0.228 	 15.6 2.14 
0.303 0.298 15.9 2.28 
0.475 0.380 	 20.4 4.31 
Pressure = 25.6 mm. Hg 
0.281 0.218 	 16.1 2.06 
0.218 0.202 12.1 1.13 
0.216 0.091 	 12.0 0.744 
0.455' 0.372 18.1 3.10 
0.190 0.216 	 11.2 1.02 
0.417 0.270 17.8 2.83 
0.525 0.234 	 20.3 5.51 
0.184 0.373 11.0 1.49 
0.450 0.302 	 18.6 3.29 
0.589 0.550 17.1 2.60 
(Continued) 




Rising Velocity 	Radius 	 Force 
(cm/sec) 
	
(cm/sec) 	 (microns) (dynes x 106 ) 
Pressure = 35.4 mm. Hg 
o.556 0.288 18.0 2.75 
0.081 0.169 8.4 0.551 
0:266 0.249 12.4 1 .4o 
0.469 0.255 21.4 3.80 
0.514 0.349 22.5 4.09 
0.33 0.231 17.9 2. 70 
0.239 0.161 15.0 1.58 
0.174 0.225 12.7 1.36 
Pressure = 46.0 mm. Hg 
0.383 0.200 19.5 3 .05 
0.346 0.165 18.5 2 .52 
0.245 0.220 15.4 1.97 
0.208 0.254 14.2 1.74 
0.378 0.172 19.3 2.84 
0.303 0.214 17.2 2.45 
0.317 0.186 17.6 2.40 
0.210 0.207 14.2 1.63 
0.292 0.214 16.9 2.34 
*
Light Intensity = 0.25 watts/cm2 
Table 5. Experimental Data for Wood Charcoal Particles 
















Pressure = 4.7 mm. Hg 
	
0.605 	 6.61 
0.605 7.26 
0.307 	 6.56 
0.285 6.84 
0.679 	 8.09 
0.471 6.76 
0.364 	 6.85 
0.457 7.02 
0.550 	 11.9 
0.564 12.8 
1.02 	 9.69 












Pressure = 9.7 mm. Hg 
1.18 0.486 	 12.5 5.80 
0.840 0.265 10.2 1.86 
0.460 0.223 	 6.92 0.671 
1.00 0.575 11.5 5.30 
0.645 0.584 	 8.74 1.47 
0.555 0.558 7.94 1.11 
1.09 0.545 	 12.1 5.16 
Pressure = 15.6 mm. Hg 
0.558 0.419 	 5.96 0.187 
0.446 0.202 4.91 0.365 
0 .337 0.520 	 4.07 0.321 
0.199 0.168 2.22 0.0657 
0.506 0.158 	 5.29 0.565 
0.594 0.195 6.90 o.688 
0.286 0.220 	 3. 17 0.157 
0.270 0.110 3.c6 0.100 
0.5o8 0.219 	 3.56 0.180 
0.750 0.408 7.90 1.32 
0.212 0.107 	 2.51 0.0551 
0.452 0.212 4.98 0.587 
0.374 0.237 	 4.58 0.311 
Continued 
Table 5 . (Continued) 




Pressure = 21.5 mm. 
(microns) 
Hg 
(dynes x 106 ) 
0.118 0.0808 2.44 0.0603 
0.401 0.205 7.8o o.982 
0.566 0.164 7.59 0.795 
0.368 0.151 7.45 0.788 
0.589 0.311 9.7o 1.91 
0.275 0.152 6.18 0.507 
0.1581 0.174 7.57 1.86 
0.270 0.182 6.i7 0.550 
0.376 0.222 7.52 0.957 
0.479 0.222 8.61 1.27 
0.521 0.500 9.04 1.60 
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Figure 14, Photophoretic Force versus Particle Radius for 
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Figure 15. Photophoretic Force versus Particle Radius for Gas 
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Figure 16. Photophoretic Force versus Particle Radius for Gas 
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Figure 17. Photophoretic Force versus Particle Radius for Gas 
Carbon at 46.o mm. Hg. 
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Figure 18. Photophoretic Force versus Particle Radius for 
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Figure 19. Photophoretic Force versus Particle Radius for 
Wood Charcoal at 9.7 mm. Hg. 
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Figure 20. Photophoretic Force versus Particle Radius for Wood 
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Figure 21. Photophoretic Force versus Particle Radius for 
Wood Charcoal at 21.3 mm. Hg. 
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